Purpose: This study was performed to evaluate the influence of voxel size and the accuracy of 2 cone-beam computed tomography (CBCT) systems in the detection of vertical root fracture (VRF) in the presence of intracanal metallic posts. Materials and Methods: Thirty uniradicular extracted human teeth were selected and randomly divided into 2 groups (VRF group, n = 15; and control group, n = 15). The VRFs were induced by an Instron machine, and metallic posts were placed in both groups. The scans were acquired by CBCT with 4 different voxel sizes: 0.1 mm and 0.16 mm (for the Eagle 3D V-Beam system) and 0.125 mm and 0.2 mm (for the i-CAT system) (protocols 1, 2, 3, and 4, respectively). Interobserver and intraobserver agreement was assessed using the Cohen kappa test. Sensitivity and specificity were evaluated and receiver operating characteristic analysis was performed. Results: The intraobserver coefficients indicated good (0.71) to very good (0.83) agreement, and the interobserver coefficients indicated moderate (0.57) to very good (0.80) agreement. In respect to the relationship between sensitivity and specificity, a statistically significant difference was found between protocols 1 (positive predictive value: 0.710, negative predictive value: 0.724) and 3 (positive predictive value: 0.727, negative predictive value: 0.632) (P<.05). The least interference due to artifact formation was observed using protocol 2. 
Introduction
Vertical root fracture (VRF) is one of the causes of tooth loss. [1] [2] [3] Diagnosing VRF can be complex, in part because it presents with variable and nonspecific clinical and radiographic signs and symptoms. Misdiagnosing VRF could potentially result in unnecessary tooth extraction. 4 In periapical radiographs, VRF can be observed as a vertically-oriented radiolucent line in the root that is only visible when the central X-ray beam is parallel to the fracture line. 2, 5 In 2-dimensional radiographic exams, one of the main limitations in VRF detection is the superimposition of adjacent tissues and the presence of radiopaque materials in the root canal. 6 Nevertheless, these limitations can be partially supplanted by 3-dimensional views obtained using cone-beam computed tomography (CBCT). CBCT has broadly demonstrated superior effectiveness in the diagnosis of VRF compared to periapical radiography; [7] [8] [9] however, the accuracy depends on the CBCT system used, the voxel size, the field of view (FOV), and the type of radiopaque material present in the area of interest. 7, 10, 11 Indeed, metallic intracanal posts produce beam-hardening artifacts, which pose a real problem in the interpretation of VRF in CBCT through the induction of inaccurate images. 12 The influence of voxel size has recently been investigated, with the goal of evaluating the accuracy of various CBCT protocols on the detection of VRF in the presence of intracanal metallic posts. 7 Although some evidence has suggested that voxel size could be significantly relevant for the diagnosis of VRF, 13 other studies have also demonstrated that smaller voxel sizes could cause some difficulties in detecting horizontal root fractures on CBCT when metallic posts are present. 14, 15 These discrepancies indicate that there is still a need to examine the influence of voxel size on VRF detection, especially in the presence of metallic posts. As a consequence of the diversity of CBCT systems available on the market and the wide variation in their image quality and performance, studying the accuracy of various CBCT systems in VRF detection is considered to be of the utmost importance. 10 Considering the scarcity of investigations into the influence of different voxel sizes on the detection of VRF in teeth with metallic posts and the lack of information about the accuracy of the Eagle 3D V-Beam (Dabi Atlante, Ribeirão Preto, São Paulo, Brazil) CBCT system in detecting VRF, this study analyzed the influence of voxel size and the accuracy of 2 CBCT systems (Eagle 3D V-Beam and i-CAT Cone Beam 3D Imaging System; Imaging Sciences International, Hatfield, PA) in the detection of VRF in the presence of intracanal metallic posts.
Influence of voxel size on cone-beam computed tomography-based detection of vertical root fractures in the presence of intracanal metallic posts

Materials and Methods
Sample selection
This experimental study was approved by the Human Ethics Committee of the Institutional Review Board (approval number 477.315/2017). Thirty uniradicular extracted human teeth were selected after a transillumination exam, an inspection of the external surface of roots with a surgical microscope (OPMI, Zeiss, Oberkochen, Germany), and a digital radiographic exam (Focus, Kavo, Instrumentarium Dental, Tuusula, Finland). Teeth with signs of cracks, root fracture, root resorption, supernumerary roots, internal calcification, canal obliteration, or incomplete root formation were excluded from the sample. The selected teeth were immersed for 30 minutes in 5% sodium hypochlorite (Fitofarma, Goiânia, GO, Brazil), solution, and then underwent scaling and root planing to eliminate remaining organic tissue and dental calculus.
Sample preparation
The crowns of all teeth were removed at the cementoenamel junction and the root canals were prepared with the ProTaper rotary system (Dentsply Maillefer, Tulsa, OK, USA) under copious irrigation with distilled water up to size F3. The root canals were filled with gutta-percha cones (Dentsply Maillefer, Ballaigues, Switzerland) by cold lateral compaction with epoxy-amine resin sealer (AH Plus; Dentsply, Konstanz, Germany). Seven days after obturation, two-thirds of the root length was prepared with the intent to create the post space. The posts and cores were fabricated with Duralay (Reliance Dental Manufacturing, Worth, IL, USA), and subsequently placed into a cast of nickel-chromium alloy. The metallic posts were then gently cemented in each tooth. At this time, the samples were randomly divided into 2 groups of 15 teeth each (the VRF group and the control group).
In the VRF group, the periodontal ligament was simulated before induction of the fracture, as described previously. 16 The VRF was then induced by an Instron machine (Instron, TTDML ® , Canton, MA, USA) by using a 2000 kilogram-force load cell and a cross-speed of 0.5 mm/min. After confirmation of the fracture, fragments that showed complete separation were glued with cyanoacrylate cement (Loctite ® , Henkel Ltda., Sao Paulo, SP, Brazil).
CBCT image acquisition
Each tooth (VRF group, n = 15; and control group, n = 15) was individually placed in the same empty socket of an edentulous dry human mandible. The mandible with the placed tooth was immersed in a plastic cylinder container filled with water to simulate soft tissue attenuation, as described previously. The presence of VRF was scored on a 5-point scale: 1, VRF definitely absent; 2, VRF probably absent; 3, uncertain; 4, VRF probably present; 5, VRF definitely present. The level of interference due to image artifacts with VRF detection was then analyzed and scored on a 3-point scale: 1, no interference; 2, slight interference; and 3, severe interference. Additionally, the oral radiologists indicated which orientation contributed more to VRF detection: axial, coronal, or sagittal. A second evaluation was performed in 50% of the samples.
Statistical analysis
The data were analyzed using SPSS ® version 21 (IBM Corp., Armonk, NY, USA). Interobserver and intraobserver agreement was assessed using the Cohen kappa test, and the values were interpreted as follows: 0 to 0.20, weak agreement; 0.21 to 0.40, fair agreement; 0.41 to 0.60, To assess intraobserver agreement, the same evaluation was repeated under identical conditions after 2 weeks. Sensitivity and specificity were evaluated, and receiver operating characteristic (ROC) analysis was performed. The results were compared using 2-way analysis of variance (ANOVA) and the post hoc Tukey test. For the analysis of interference from image artifacts in VRF detection, and which orientation contributed most to VRF detection, 1-way ANOVA was applied. For all analyses, P values <.05 were considered to indicate statistical significance.
Results
The intraobserver coefficient indicated good (0.71) to very good (0.83) agreement, and the inter-observer coefficient indicated good (0.74) to very good (0.80) agreement for VRF diagnosis (P<0.05). Regarding the agreement observed between each scanning protocol and the CBCT system, the coefficient indicated moderate to very good agreement (Table 1) .
To evaluate the relationship between sensitivity and specificity, the area under the ROC curve was calculated for the various scanning protocols. A statistically significant difference was found between protocols 1 and 3 (P<.05), which also presented the highest values of the area under the ROC curve (Table 2, Fig. 2) .
The sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of each scanning protocol are presented in Table 3 .
In the radiologists' evaluation of interference due to artifact formation in the diagnosis of VRF, it was observed that protocol 2 showed the least interference. In protocols 1 and 4, interference was more frequent (P<.05) ( Table 4) . No statistically significant trends were found regarding the most efficient orientation (axial, coronal, or sagittal) for VRF detection.
Discussion
Diagnosing VRF is a challenging task due to its nonspecific signs and symptoms, especially in cases without evident separation of the adjacent segments, as well as due to limitations in its detection using 2-dimensional radiographic exams. 8, 9, 17, 18 Although CBCT has demonstrated greater effectiveness in VRF detection, in cases where metallic intracanal posts are present, the interpretation of these fractures can be problematic because of the presence of image artifacts. 5, 19 Voxel size is one of the many factors that can influence root fracture detection in the presence of metallic posts.
14,15
The results of this study suggest that protocols with a smaller voxel size are more accurate for VRF detection in the presence of metallic intracanal posts. Indeed, the small voxel size protocols presented in this study showed significantly higher specificity. This means that using these smaller-voxel protocols to detect VRF could confirm true positive cases. Voxel size can directly influence 20, 21 Theoretically, small voxel reconstructions could be associated with a high level of image artifacts in the presence of a metallic material. This could be explained by the tendency for the limited number of photons within a small voxel to increase the extent of image artifacts. 15, 22 The greater accuracy in VRF detection in the presence of metallic posts found in the present study could be explained by other parameters than just the voxel size. Several parameters can influence the quality of CBCT images and VRF detection, such the size of the FOV, the type of detector, and the CBCT system. 20, 22 In the last 5 years, several studies have aimed to evaluate the influence of certain CBCT parameters on the detection of VRF in the presence of metallic intracanal posts. 2, 5, 7, 20, 11, 19, [23] [24] [25] They suggested that systems with a small FOV could enhance the detection of VRF in the presence of metallic posts. This is a plausible proposal, since small FOV protocols have higher resolution and contrast than large FOV devices. 27 The authors assumed that the detector design technology of the NewTom 3G, with a tube/ charge-coupled device, could be inferior to the flat-panel detector of the i-Cat Next Generation system. 10 According to them, the NewTom 3G panel detector had a lower dynamic range, contrast, and spatial resolution and higher levels of pixel noise and image artifacts, which could negatively affect VRF detection. 10 Safi et al. (2015) 23 also analyzed the accuracy of 2 CBCT systems in the detection of VRF in the presence of metallic artifacts: NewTom VGI (12-× 8-cm FOV, 90 kVp, 0.2-mm voxel size) and Scanora 3D CBCT systems (10-× 7.5-cm FOV, 110 kVp, and 0.2-mm voxel size). In their study, the interobserver agreement was almost perfect, with no significant differences in the accuracy of the 2 CBCT systems in the detection of VRF associated with metal posts. However, the extensive experience of the observers in their study might have positively influenced the detection of VRF, which could explain the similar accuracy of the 2 CBCT systems. The influence of CBCT enhancement filters (i-Cat Next Generation -8-× 8-cm FOV, 120 kVp, and 0.2-mm voxel size) on the diagnosis of VRF in teeth with intracanal metallic posts was studied by Ferreira et al. (2015) . 2 These filters did not significantly improve the diagnosis of VRF in the presence of metallic posts. Despite their conclusions, enhancement filters are widely employed in CBCT images, with beneficial results in the diagnosis of VRF in teeth without metallic artifacts. 28 The exposure parameters used in CBCT scans and their relationship with VRF detection in the presence of metallic posts have recently been addressed. 19 Although adjusting certain exposure parameters could contribute to avoiding lower-energy photons and reducing artifact formation, variation in these parameters did not influence VRF detection in the presence of root canal metallic materials. 19 In contrast, Safi et al. (2016) 25 found that lower-amperage (4 mA) protocols combined with a smaller FOV (7.5 cm) were more accurate for VRF detection in teeth with metallic posts. In this study, only 2 CBCT systems were tested with a static 5 mA parameter, to remove variation due to this parameter from the analysis of VRF detection. A range of CBCT systems are available on the market, with wide variation in their performance in terms of image quality. The present study presented some novel information about the accuracy of the Eagle 3D V-Beam system in detecting VRF in teeth with metallic posts. The Eagle 3D V-Beam system more accurately detected VRF in the presence of metallic posts than the i-CAT Cone Beam 3D Imaging System. This could be explained by the possibility that the scanning parameters available in the Eagle 3D V-Beam system may have been favorable for VRF detection performance. This premise is based on the fact that with the Eagle-3D it was possible to work with 0.1-mm voxels and an FOV of 5 × 5 cm, unlike the present i-CAT system, for which we used 0.125-mm vox-els and an FOV of 8 × 8 cm. Regarding the detector technology, the 2 CBCT systems analyzed in this study contained a flat-panel sensor, with the Eagle 3D system using a complementary metal-oxide semiconductor device and the i-Cat system using an amorphous silicon flat-panel sensor with a CsI scintillator. In general, flat-panel sensors offer less peripheral distortion and less image noise. 29 As only 2 CBCT systems were included in the present investigation, we did not intend to fully explore all the technical parameters that may influence the accuracy of CBCT in VRF detection. Although several factors can influence the quality of CBCT images, voxel size seems important to investigate for the detection of VRF in the presence of metallic artifacts. Although we found that protocols with smaller voxels were more accurate for VRF detection, it is important to emphasize that we also found some divergences regarding which protocol presented less interference due to artifact formation.
In summary, it seems that protocols and CBCT systems with a smaller voxel size and FOV favor the detection of VRF in teeth with intracanal metallic posts.
